tered Cu atoms. It thus can be imaged that the sufficient oxygen source would lead to a partial or even full oxidation of the growing Cu film. Obviously, such undesirable oxidation would influence the performance, stability and lifetime of Cu film used as interconnection in ULSIC. Moreover, the parameter-dependent oxidation of Cu during physical sputtering deposition has not been investigated systemically yet. Thus, study on the parameter-dependent oxidation of physically sputtered Cu is crucial not only to mechanism understanding but also to practical avoidance of the undesirable oxidation.
INTRODUCTION
In literature, the study of Cu film has been generally centered on the optimization of film properties under various deposition techniques [1] [2] [3] for specific applications such as interconnection of ultra-large-scale integrated circuits (ULSIC). However, it should be noted that the surface of Cu film, especially that of nanoscale size, is susceptible to oxygen and gets oxidized spontaneously not only when exposing to air but also during film growing. For the former cause, we can package the Cu interconnection-based chips to keep away from air and water as much as possible; for the latter cause, we often try to deposit Cu film in a prepumped high vacuum chamber with (e.g., physical sputtering) or without (e.g., thermal or electron-beam evaporation) high purity working rare gas such as Ar. In physical sputtering, the base pressure of chamber is generally up to 10 −4 -10 −5 Pa and the working gas is often of 99.999 wt.% high purity [3, 4] . However, according to our calculation results (in later sections), the residual O 2 in such high purity conditions is still sufficient for a full oxidation of the sput- 
EXPERIMENTAL SECTION
All Cu-based films were deposited on glass slides in a JG-P500A magnetron sputtering system. The Cu target was of 99.99 wt.% purity and well-soaked in dilute HCl solution to remove the possible oxide layers formed in air. The glass slide substrates were ultrasonically cleaned in turn by ethanol and deionized water for several times. A base pressure of 5.0×10 −4 Pa was achieved by a turbo-molecular pump backed by a mechanical pump. Before each deposition, a pre-sputtering of 10 min was regularly performed to remove the possible oxide layers on the target surface again. Then formal physical sputtering deposition was carried out at a pressure of 0.1 Pa in a high purity Ar atmosphere (purity: 99.999 wt.%, flow: 15 sccm). To explore the parameter-dependent oxidation of Cu during film growing, we designed five typical sets of experiments by changing the deposition parameters such as work mode (direct current and radio frequency, DC & RF), sputtering power density, substrate bias voltage and substrate temperature. Since different sputtering deposition conditions are often with different deposition rates, the deposition rate and time were monitored by a quartz crystal oscillator near the substrate to make each set comparable. After the preparation, electrical and optical testing experiments were carried out in turn by using a four-point probe instrument (SDY-4) and an ultraviolet-visible (UV-vis) spectrophotometer (SHIMAD-ZU UV-2450). Further, a scanning electron microscope (SEM, ZEISS SUPRA55) and a powder X-ray diffractometer (XRD, RIGAKU D/Max 2500 PC) were also applied subsequently for the surface morphology and texture characterizations respectively.
RESULTS AND DISCUSSION
The deposition parameters and the corresponding XRD analysis results are listed in Table 1 O (gas) should be and is considered here as one part of the second source because the O 2 and H 2 O (gas) after releasing would come into the chamber vacuum. Although this viewpoint is well-known, to our best knowledge, the quantitative contributions of the above possible oxygen sources are still not given to the oxidation of physically sputtered Cu film.
In the following, we analyze and compare the respective contents of O and Cu atoms at the above mentioned two specified locations. For the first possible source, we compare the surface densities of the adsorbed O 2 and H 2 O (gas) molecules on the glass slide surface with that of the as-deposited Cu atomic layer. According to Ref. [7] , we know that the surface densities of the adsorbed O 2 and H 2 O (gas) molecules on glass surface are about 10 14 and 10 15 molecules/cm 2 respectively, which are similar or comparable to that of Cu film (7.7×10 14 atoms/cm 2 ). Nevertheless, the numbers of adsorbed O 2 and H 2 O (gas) molecule layers are 4.5 and 7 (90°C) [7] respectively, which are expected to oxidize only the initially-deposited several Cu atomic layers. Accordingly, we can almost ignore the little influence of the adsorbed O 2 and H 2 O (gas) molecules on the surface ARTICLES SCIENCE CHINA Materials of glass slide substrates. For the second possible source, the partial pressure of O atoms in the chamber (including three parts: the remained O 2 and H 2 O (gas) in the pre-pumped vacuum, and the impurity O 2 in the working gas Ar) is 2.185×10 −4 Pa. In this calculation, for the sake of simplicity, we assume that the volume fractions of O 2 and H 2 O (gas) in the pre-pumped high vacuum are 21% and 1.2% (2.34 kPa saturated vapor pressure and 50% relative humidity at 20°C), which are the same as the typical composition of air. In addition, all the impurity in working gas Ar is supposed to be O 2 . Due to the low pressure, we can apply the state equation of an ideal gas to obtain the concentration of O 2 in the chamber. The calculation result is 5.4×10
10 atoms/cm 3 , in which, the atomic ratio of O originating from the remained O 2 and H 2 O (gas) in the pre-pumped vacuum and the impurity O 2 in the working gas Ar is 84:2.4:1. It indicates that the main oxygen source is the remained O 2 in the pre-pumped high vacuum, whose oxygen concentration is about 5.2×10
10 atoms/cm 3 , rather than the remained H 2 O (gas) in the pre-pumped high vacuum and the impurity O 2 in the high purity working gas. It can be further verified by the fact that there is no any copper hydroxide in the XRD patterns. On the other hand, provided no or little reflection occurs for simplicity during the incident Cu flux striking the substrate, we can achieve the following equation:
where n Cu is the concentration of incident Cu atoms near the glass substrate, ρ Cu is the density of Cu film (about 8.4 g cm −3
) [4] , v d is the deposition rate of Cu atoms with a typical value of 0.01-0.2 nm s −1 in this paper, N A is the Avogadro constant, v is the average velocity of the travelling Cu atoms before reaching the substrate, M is the atomic weight of Cu. After a detailed calculation like Ref. [8] , we find that the average retained kinetic energy of a sputtered Cu atom in this work is 1.24 eV. Thus the average velocity v of Cu atoms near the substrate is about 1.9×10 3 m s −1 . According to Equation (1) ), the residual O 2 in the pre-pumped high vacuum chamber is fully sufficient in quantity and should be the main source for the oxidation of Cu atoms.
Based on thermodynamic data, the reactions between Cu and O 2 are as follows.
The changes in free energy at room temperature given by Equations (2-4) are −147.69, −128.12 and −54.27 kJ mol −1 [9] respectively, all of which are much lower than zero. It indicates that Cu can be oxidized spontaneously at room temperature under an atmosphere containing sufficient O 2 . It should be noted that, different from the oxidation of bulk Cu, the oxidation of gaseous Cu atoms during sputtering deposition would be greatly enhanced due to a much higher energy and a much more full exposure to O 2 . In addition, the oxidation of Cu into Cu 2 O (Equation (2)) seems the easiest to occur due to the biggest change in free energy. In spite of this, Cu and Cu 2 O can also be oxidized or further oxidized into CuO due to that the changes in free energy given by Equations (3 and 4) are both much lower than zero.
Thermodynamically, as demonstrated above, the sputtered Cu atoms can react spontaneously at room temperature with the sufficient O 2 molecules retained in vacuum. Nevertheless not all the sputter deposits are Cu 2 O or CuO as imaged, which are observed to be dependent kinetically on the deposition parameters (see Table 1 ). In the following, we discuss the influence of deposition parameters on the oxidation behavior and result of Cu atoms during physical sputtering deposition.
For different work modes, the DC mode leads to a much higher deposition rate relative to the RF mode (see Set 1 of Table 1) . Similarly, as shown in Set 2 of Table 1 , a larger sputtering power density can also cause a much higher deposition rate. Generally speaking, a higher deposition rate can shorten the required deposition time which will prevent Cu atoms from sufficiently exposing to O 2 . This should be the main reason why the DC mode with larger sputtering power density tends to achieve pure Cu film while RF mode or smaller sputtering power density tends to form Cu film with Cu 2 We further studied the electrical resistivities and band gaps of the obtained Cu-based films. Among these, it is found that the pure Cu film and the Cu/Cu 2 O composite film both display an intriguing combination of metal and semiconductor characteristics. For example, the electrical resistivities of a 31 nm-thick pure Cu film and a 72 nm-thick Cu/Cu 2 O (~10 at.% Cu 2 O) composite film are 1.2×10 −4 and 6.2×10 −5 Ω cm respectively; while the band gaps E g , which were estimated according to the prolongation (dotted lines) of linear sections of (Ahv) 2 -hv curves (solid lines) in Fig. 1 , are 1.54 and 2.48 eV respectively for the 31 nm-thick pure Cu film and 72 nm-thick Cu/Cu 2 O composite film.
Generally, the electrical resistivities of metal and semiconductor thin films are decided by the concentration and mobility of carriers, which is similar to bulk materials. However, the scattering factors of thin film which decide the carrier mobility are much more complicated. It is well known that the electrical resistivity of thin film increases with decreasing film thickness and is greater than that of bulk materials. It indicates that there are some other scat- 
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tering mechanisms in thin film such as the well-known Fuchs-Sondheimer (FS) surface scattering [10, 11] and Mayadas-Shatzkes (MS) grain-boundary scattering [12] . For the FS surface scattering, the key influence parameters are the film thickness D and the specularity factor p s . In this paper, the film thicknesses of the Cu and Cu/Cu 2 O films taken for examples are 31 nm and 72 nm respectively and the surface morphologies are shown in Fig. 2 . According to the simplified FS equation [10, 11] ,
where Δρ s is the surface scattering caused-excess resistivity, ρ b is the resistivity of bulk materials and λ b is the mean free path of bulk materials (for Cu, λ b ≈ 40 nm). Since p s ≥ 0, the Δρ s of the Cu and Cu/Cu 2 O films cannot be larger than 0.5ρ b and 0.3ρ b respectively. While for the MS grain-boundary scattering, Fig. 3 
where Δρ g is the grain-boundary scattering caused-excess resistivity, d is the average grain size and R (≈ 0.38 [13] ) is the average reflection coefficient. We analyzed that the vs. 6.2×10 −5 Ω cm for the Cu/Cu 2 O composite film. It indicates that the conventional FS and MS scattering theories cannot fully account for the excess resistivity. It is expected that there are some other factors which cause more carrier scattering and thus increase the resistivity: (1) the loose feature of films with many nanoscale slits (see Fig. 2 ) that carriers cannot get across would increase the scattering and migration distance of carriers. It is expected that larger slits in the Cu/Cu 2 O composite film would make more contribution to the excess resistivity than that in the pure Cu film.
(2) The quantum size or nanosize effect of two-dimensional thin film and its building nanoparticles and nanoslits would result in discrete energy levels or widen the band gap. As shown in Fig. 2 , thinner film and smaller building blocks in the pure Cu film would cause more pronounced quantum size or nanosize effect and thus greatly increase the resistivity. This should be the main reason why the pure Cu film exhibits an abnormal higher resistivity relative to the Cu/Cu 2 O composite film. (3) For the Cu/Cu 2 O composite film, the doping of semiconductor Cu 2 O in metallic Cu film could also increase the resistivity. Although the real resistivities of the Cu and Cu/Cu 2 O films increase by 1 or 2 order(s) of magnitude relative to bulk Cu, they still present a typical metal or alloy resistivity characteristic.
While the band gap of semiconductor film is mainly decided by the band structure and affected by some factors such as quantum size or nanosize effect, doping and defect. For the pure Cu film, the quantum size or nanosize effect of two-dimensional metallic thin film and its building nanoparticles and nanoslits (see Fig. 2a ) would result in discrete energy levels and thus it displays a semiconductor band gap characteristic. While for the Cu/Cu 2 O composite film, the similar quantum size or nanosize effect (see Fig.  2b ) would also result in discrete energy levels of the metallic Cu component. Meanwhile, the massive doping of p-type Cu 2 O in semiconductor Cu film (i.e., Cu/Cu 2 O composite film with ~10 at.% Cu 2 O) results in the increase in the optical band gap of Cu film from 1.54 to 2.48 eV (also larger than that of pure Cu 2 O of 2.17 eV) due to the well-known Burstein-Moss shift [14, 15] . In addition, it is expected that the defected nanocrystalline features of the pure Cu film (5 nm-grain size) and the Cu/Cu 2 O composite film (7 nmgrain size) would further influence their band gaps.
For a final confirmation, we repeated the same experiments several times and obtained the similar results for the electrical resistivity and optical band gap of pure Cu films and Cu/Cu 2 O composite films. Although the quantitative mechanisms are still unclear, such Cu-based films with a superior conductivity and a solar-window band gap may have some fascinating applications such as in high electron mobility transistors [5] , electrodes [16] and solar cells [17, 18] .
CONCLUSIONS
In this work, the oxidation of Cu during physical sputtering deposition was studied systematically by varying the deposition parameters including work mode, sputtering power density, substrate bias voltage and substrate temperature. Quantitative calculation results show that the main oxygen source for the oxidation of Cu is the residual O 2 in the pre-pumped high vacuum. It is demonstrated that the DC mode with a large sputtering power density such as 2.19 W cm −2 at room temperature tends to deposit pure Cu film, while the DC mode with a small sputtering power density such as 0.88 W cm −2 or at an elevated temperature such as 400°C tends to deposit Cu/Cu 2 O composite film. It is also demonstrated that the RF mode normally with a low deposition rate is more suitable for the fabrication of Cu 2 O and/or CuO film(s) rather than the pure Cu film or Cu/Cu 2 O composite film. The electrical and optical testing results show that the obtained pure Cu film and Cu/Cu 2 O composite film both present an intriguing combination of metal and semiconductor characteristics. For the pure Cu film, the electrical resistivity and the optical band gap are 1.2×10 −4 Ω cm and 1.54 eV respectively; while for the Cu/ Cu 2 O composite film, the electrical resistivity and the optical band gap are 6.2×10 −5 Ω cm and 2.48 eV respectively. Based on these findings, it provides not only an effective route to avoid the possible oxidation of physically sputtered Cu atoms but also a flexible and low-cost new method to prepare Cu-based semiconductor films with metallic resistivity.
